Burkitt lymphoma (BL) occurs as three subtypes: endemic BL, immunosuppression-related BL and sporadic BL. Descriptive studies of BL age-specific incidence patterns have suggested multimodal peaks near 10, 40 and 70 years of age, but the risk factors for BL at different ages are unknown. We investigated risk factors for BL in the United Kingdom among 156 BL cases and 608 matched BL-free controls identified in the Clinical Practice Research Datalink (CPRD) between 1992 and 2016. Associations with prediagnostic body mass index, cigarette smoking, alcohol consumption, hepatitis, Epstein-Barr virus (EBV), human immunodeficiency virus infection and acquired immune deficiency syndrome (HIV/AIDS), malaria, allergic and autoimmune conditions, and prednisone use were evaluated. Overall, we identified inverse associations between smoking and BL risk, and positive associations between prior EBV infection, HIV/AIDS and prescription or use of prednisone with BL risk. In age-group stratified analyses, BL was associated with malaria exposure (vs. no exposure, odds ratio [OR] 8Á00, 95% confidence interval [CI] 1Á46-43Á7) among those aged 20-59 years old and with hepatitis infection (vs. no infection, OR 3Á41, 95% CI 1Á01-11Á5) among those aged 60+ years old. The effects of EBV, malaria, HIV/AIDS, prednisone and hepatitis on BL remained significant in mutually-adjusted age-group-specific analyses. No risk factors were associated with childhood BL. We report novel associations for BL in non-endemic settings.
Recent reports of steep annual increases in the age-standardized incidence rates of BL, including increases of 6-7% per year between 1973 and 2005 in the US and of 5-6% per year between 1963 and 2002 in four continents (excluding Africa) (Mbulaiteye et al, 2012) , have rekindled an interest in identifying risk factors for BL in low BL incidence countries. Although the annual increase in the age-standardized incidence rates of BL could partly be due to the contribution from HIV-related BL cases, these increases began before the onset of the HIV epidemic and persisted after the introduction of life-saving treatments for HIV (Mbulaiteye et al, , 2012 . Furthermore, the increases were observed in analyses restricted to registries excluding those US regions with many acquired immune deficiency syndrome (AIDS) cases, such as New Jersey, New York and California, or when analyses were repeated after reducing the number of BL cases by about 25% , the proportion attributable to HIV infection. Another reason for interest in BL risk factors stems from findings in descriptive studies of BL that have shown multiple age-specific incidence peaks near 10, 40 and 70 years of age (Mbulaiteye et al, , 2012 , suggesting aetiological heterogeneity for BL in age-defined populations (Macmahon, 1957) . Interestingly, a molecular study of BL conducted recently reported the presence of different pattern of somatic mutations in BL tumours diagnosed at different ages (Havelange et al, 2016; Mbulaiteye & Anderson, 2018) . Furthermore, an analysis of epidemiological risk factors for sBL cases in the International Lymphoma Epidemiology Consortium (InterLymph) suggested differences in the risk factors for sBL in persons aged <50 years versus ≥ 50 years old (Mbulaiteye et al, 2014a ). In the current study, we used longitudinal data from the Clinical Practice Research Datalink (CPRD) to investigate risk factors for BL in the United Kingdom (UK), one of the countries that contributed data to the four-continent BL study that showed steep annual increases in the age-standardized incidence rates of BL (Mbulaiteye et al, 2012) .
Methods

Description of the CPRD population and data
The CPRD is a longitudinal anonymized database established in 1987 to collect electronic primary care medical records from more than 674 general practices (Herrett et al, 2015) . The CPRD electronically captures routine demographic, clinical and laboratory data collected by general practitioners for more than 22 million patients, of whom over 4Á4 million are currently alive and registered. The CPRD data have been shown to be demographically and sociologically representative of the UK population in behavioural characteristics, such as smoking patterns (Booth et al, 2013) , and the accuracy and completeness of recording of certain medical diagnoses, including haematological malignancies, has been verified (Dregan et al, 2012) . The data quality for participating practices are evaluated and assigned an 'Up-to-Standard' (UTS) date, up to which the given clinic's data are considered to be of research quality (Herrett et al, 2015) .
Ethical approval: All data were anonymized before creating analysis datasets to avoid the possibility of patient identification. Ethical approval to conduct the study was obtained from the Office of Human Subjects Research at the National Institutes of Health. The UK Independent Scientific Advisory Committee (ISAC) at CPRD approved the study (Protocol number: ISAC-15_135R).
Eligibility, definition, and classification of BL cases and controls
We used CPRD GOLD July 2016 data release. The eligible participants included those registered between 1992 and 2016 who had at least 2 years of follow-up in the CPRD before their index date (defined below). To maximize the quality of data used in the analysis, we further restricted the study to participants followed in clinics with at least 2 years of UTS follow-up (Fig 1) . The CPRD-eligibility criteria included having a minimum follow-up of 2 years before the index date, defined as the date of BL diagnosis minus 1 year, and being in a clinic with at least 2 years of UTS follow-up.
The BL cases in CPRD were identified using 'Read codes' for a BL diagnosis in the cohort that met CPRD-related eligibility criteria defined above. The BL Read codes included A78960 (HIV-related), B602100, B602500, B602200, B602300 (BL in the lymph nodes), BBr2600 (bone-marrow or leukaemia BL), and B602Á00, B602z0 (unspecified site). As no cases of transplant-related BL were identified, we considered all but the HIV-related cases to be sBL.
The controls were BL-free individuals at their index date who were sampled using risk-set or density sampling, i.e., controls entered before their case's entry and exit after the case's exit. Controls were assigned the index date of their matched case. Three to four controls per BL case were sampled and matched to the case on age, sex, race, general practice or region (when appropriate controls could not be matched on the general practice). Because race was missing for many subjects, cases with missing race were matched to controls with missing race.
Risk factors
To minimize the risk of reverse causation, we used risk factor data collected at least 2 years before the index date for both cases and controls. The investigated potential risk factors included a priori selected lifestyle and behavioural characteristics (body mass index [BMI] , smoking and alcohol status), and aspects of the medical history of clinical events (any infection, hepatitis, EBV, HIV/AIDS, malaria, allergy, hay fever, asthma, eczema, gout, and ever use of prednisone) (Mbulaiteye et al, 2014a) . Read codes were used to identify and define the potential risk factors (Wang et al, 2018) . A variable named "any infection" was created based on having a Read code for specified or unspecified infections. The specified infections include those due to viruses (e.g., HIV, EBV, hepatitis A, B or C viruses), bacteria (e.g., streptococcal, E. coli, Klebsiella, Haemophilus influenza, mycoplasma or salmonella), or parasites (malaria). The unspecified infectious included syndromes caused by infection, such as septicaemia, cellulitis, pneumonia or pyelonephritis. This variable was designed to assess the likelihood of BL cases being prone to specific or non-specific infections, which might suggest a correlation between prior infection and risk for BL. Read codes for EBV included those for a diagnosis of EBV or a record of positive serology for EBV; Read codes for exposure to malaria included those for malaria treatment, a reported history of malaria, or receipt of malarial prophylaxis. Because this study is exploratory, most risk factors were defined as ever versus never; a classification of 'ever' indicated the finding of at least one Read code consistent with a positive result for the risk factor. A classification of 'never' indicated either the absence of a code suggesting exposure or the presence of an explicit code for non-exposure. BMI was calculated from height and weight values, and categorized into tertiles, based on cut-off values calculated using overall or age-specific data from the controls.
Statistical analysis
We calculated Spearman partial correlation coefficients, with adjustment for age and sex, to examine the pairwise correlations of the main risk factors of interest. Using conditional logistic regression for matched sets, we estimated odds ratios (ORs) and 95% confidence intervals (95% CIs) for the association of BL with each independent variable. Missing data were coded as a specific category, but individuals with missing data for the exposure variable of interest were excluded from the model when estimating the association. To explore the potential aetiological heterogeneity of age-defined BL and assess whether regional factors influence BL risk, we conducted additional analyses stratified by age groups (<20, 20-59 and 60+ years old) and by region (three regions with 40% of cases versus the ten regions with 60% of cases). We performed multivariate logistic regression age-specifically, including covariates associated with BL at a P < 0Á10 and those considered a priori as risk factors (malaria exposure). Variables that did not improve the model fit, based on comparing the restricted and unrestricted models using the likelihood-ratio test, were removed from the final multivariate models. Because HIV/AIDS is a risk factor for BL, we repeated analyses after excluding HIV positive cases and controls, and the associations that persisted are interpreted as associations with sBL. After noting unexpected associations for smoking (see Results), we reviewed apparent never-smokers' entire CPRD record to evaluate the reliability of their never smoker status. Because our study was conducted to generate hypotheses about risk factors for BL in low endemicity settings, we did not adjust for multiple comparisons. The distribution of the cases by region was age-standardized by the direct method to the UK 2012 census population, assuming the cases arose from a population mirroring the CPRD active population in 2013. A two-sided 
Results
A total of 156 BL cases and 608 controls were studied. By design, the distributions of sex and age at CPRD registration and index date, and region of residence were similar for cases and controls (Table I) . Most participants were aged 20-59 years or 60+ years; few were aged <20 years. The average number of years of observation in the CPRD was high, but lower in the BL cases than controls [17Á4, standard deviation (SD): 15Á3] versus controls (20Á9 years, SD: 13Á9; P = 0Á005). About 40% of the BL cases were from three regions (West Midlands, South Central and Scotland) and 60% of the cases were from the remaining ten regions, including London, which is the most populous region. There were 19 (12Á2%) BL cases, and four (0Á7%) controls who were positive for HIV/AIDS in this sample. Ten (52Á6%) of the BL cases and three (75Á0%) of the controls with HIV/AIDS were from the three regions with 40% of the cases. We identified evidence for malaria exposure in 15 participants. The Read codes for malaria exposure in these patients indicated receipt of malaria prophylaxis in eight participants, a history of malaria in two participants, and a malaria screening test or malaria diagnosis in each of "the remaining two" participants.
In the logistic regression analyses of individual risk factors (Table I ), compared to never smokers, the risk of BL was significantly decreased in former smokers (OR 0Á47, 95% CI 0Á29-0Á76) and in those who were current smokers (OR 0Á24, 95% CI 0Á12-0Á46; P for trend <0Á0001). We confirmed that all the participants classified as never-smokers were consistently classified as never smokers before and after their index date, except 8 participants (all controls) who were classified as current or former smokers in at least one record after their index date. The association of smoking status with risk for BL did not change when the status of these eight controls was considered as misclassified and changed to a current or former smoker (data not shown). Compared to current or former drinkers, the risk of BL was non-significantly increased in never drinkers (OR 1Á43, 95% CI 0Á75-2Á72). The association of smoking with BL was not explained by alcohol consumption because these two variables were not significantly correlated with among the controls (q = 0Á06, P = 1). The associations of current (OR 0Á25, 95% CI 0Á13-0Á49) and former smoking (OR 0Á45, 95% CI 0Á27-0Á75) with BL risk did not change with adjustment for alcohol consumption. BMI was unrelated to the risk of BL (Table I) .
With respect to infections, BL risk was elevated in participants with a record indicating hepatitis infection (hepatitis infected vs. uninfected: OR 1Á88, 95% CI 1Á02-3Á47; Table II ). Risk was also elevated in participants with a record indicating EBV infection (EBV-infected vs. uninfected: OR 4Á50, 95% CI 1Á74-11Á7; Table II) . Of interest, 15 of the 17 participants with a record of EBV infection also had a history of infectious mononucleosis, a condition that is a manifestation of delayed first exposure to the EBV and that may result in longer-term severe or chronic EBV. BL risk was not associated with allergy and immune-related conditions (allergy, hay fever, asthma, eczema or gout; Table II) .
The risk for BL was increased in persons with HIV/AIDS (vs. no history of HIV/AIDS, OR 24Á5, 95% CI 7Á25-83Á0; Table II ). BL risk was also associated, albeit non-significantly, with having some evidence of exposure to malaria (vs. no exposure, OR 2Á00, 95% CI 0Á68-5Á85). The risk for BL was associated with a history of prescription or use of prednisone (vs. no prescription or use, OR 3Á38, 95% CI 1Á30-8Á75). After excluding HIV/AIDS positive cases and controls, the associations between EBV, malaria and BL were only slightly attenuated, while the associations with prednisone became slightly stronger (Table S1 ).
The age-standardized BL prevalence of BL in the three regions with 40% of cases was 4Á5 per 100 000 in comparison to 3Á5 per 100 000 in the ten regions that contributed 60% of cases. Analysis of risk factors for BL stratified by region revealed similar patterns to the un-stratified findings summarized above, except that the stratified analyses suggested a more pronounced association of BL risk with malaria in the three regions with 40% cases than in the ten regions with 60% of the cases (OR 3Á15, 95% CI 0Á62-16Á1 and OR 1Á21, 95% CI 0Á24-6Á09, respectively, P = 0Á81). The association of BL risk with HIV/AIDS was attenuated in the three regions with 40% of the cases and more pronounced in the ten regions with 60% of the cases (OR 12Á1, 95% CI 2Á51-57Á9 vs. OR 35Á8, 95% CI 4Á58-280, P = 0Á001), but with wide confidence intervals.
The age-stratified analysis excluded participants aged <20 years old because of sparse data. Among those aged 20-59 years old, compared to being a non-smoker, the risk of BL was significantly decreased among former smokers (OR 0Á25, 95% CI 0Á12-0Á50) and current smokers (OR 0Á20, 95% CI 0Á09-0Á46; P trend <0.0001) and elevated in those with evidence of EBV infection (OR 5Á60, 95% CI 1Á78-17Á6), HIV/AIDS (OR 20Á6, 95% CI 5Á98 to 70Á7), or malaria exposure (OR 8Á00, 95% CI 1Á46 to 43Á7). Among those aged 60 + years old, compared to being a non-smoker, the risk of BL was non-significantly decreased among former smokers (OR 0Á76, 95% CI 0Á36-1Á58) and significantly decreased among current smokers (OR 0Á18, 95% CI 0Á05-0Á67; P trend = 0Á014). The risk was marginally elevated in those with evidence of hepatitis infection (OR 3Á41, 95% CI 1Á01-11Á5), elevated, but not significantly, in those with EBV infection (OR 4Á00, 95% CI 0Á56 to 28Á4), and significantly elevated among those with a history of prescription or use of prednisone (OR 7Á30, 95% CI 1Á81-29Á4).
Multivariate analyses were performed separately for those aged 20-59 years and 60+ years old (Table III) , based on our causal model that age might confound certain risk factors for BL (Mbulaiteye & Anderson, 2018) . The significant risk factors of BL among those aged 20-59 years old included former (OR 0Á22, 95% CI 0Á09-0Á52) and current smoking (OR 0Á12, 95% CI 0Á04-0Á35), EBV infection (OR 5Á69, 95% CI 1Á29-25Á1), HIV/AIDS (OR 40Á4, 95% CI 7Á74-211Á1) and malaria infection (OR 44Á0, 95% CI 2Á63-75Á3). Among those aged 60+ years old, BL risk was significantly decreased among current smokers (OR 0Á14, 95% CI 0Á03-0Á58) and significantly increased among those with a history of prednisone use (OR 7Á78, 95% CI 1Á85-32Á5), and marginally elevated in those with hepatitis (OR 3Á21, 95% CI 0Á89-11Á6) and EBV infection (OR 11Á8, 95% CI 0Á96-144Á2). Restricting the adjusted models to HIV/AIDS negative participants did ; N/A, not applicable: due to missing data, odds ratios and 95% confidence intervals not assessed; OR, Odds ratio; P, P value for heterogeneity; P trend , P value for trend across categories; Ref., Reference category; SD, standard deviation; T1, T2, T3: First, second and third tertile, based on cut off values calculated in the controls. Controls were matched to cases based on age at cohort entry (defined as two years before index/selection date), gender, race, general practice, and index date. *Odds ratios, and 95% confidence intervals not assessed for variables used in matching. †Duration of registration in CPRD before the index date. Characteristics were evaluated at least two years before the index date. ‡About 40% of participants were from three regions (contributing most cases), including West Midlands, South Central, & Scotland. §Majority of the patients missing smoking data were aged <20 years old.
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Discussion
We present the first population-based study of risk factors for BL in the UK conducted in a longitudinal dataset obtained from the CPRD. Overall, we observed inverse associations between smoking and BL risk, and positive associations between prior EBV infection, HIV/AIDS and prescription or use of prednisone with BL risk. In agegroup stratified analyses, BL risk was also significantly elevated among those aged 20-59 years old with a history of exposure to malaria, whereas a history of hepatitis, and prescription or use of prednisone was associated with elevated risk of BL among those aged 60+ years old.
EBV is risk factor for eBL (Rochford et al, 2005) , but our study presents data for novel association with BL among people in the UK aged 20-59 years and 60+ years old. We noted that EBV in this population appears to capture a history of infectious mononucleosis because 15 of 17 participants with a CPRD record of EBV infection also had a history of infectious mononucleosis, which is a more severe form of EBV infection (Klein et al, 1968 ) and a known risk factor for EBV-positive Hodgkin lymphoma (Hjalgrim et al, 2003) . Despite the small numbers of participants with EBV codes in our CPRD sample, the associations with EBV were robust in multivariate age-stratified analyses, as well as in Characteristics were evaluated at least two years before the index/selection date and classified (ever/never) according to the presence or absence of a "Read code" consistent with a history of the given characteristic. 'Any infections' was created based on having a Read code for specified infections due to viruses, bacteria, parasites, or infectious syndromes (See Methods). Thus, it is not the sum of the listed infections. Ref.
<0Á001
Ref. HIV, human immunodeficiency virus; N/A; not applicable due to missing data; NS; cell numbers suppressed because one cell has one subject; OR, Odds ratio; P, P value for heterogeneity; P trend , P value for trend across categories; Ref., Reference category. *The estimates are from multivariable models including smoking, EBV, HIV/AIDS, malaria controlling for one another, and adjusted for years of observation in the CPRD. †The estimates are from multivariable models including smoking, hepatitis, EBV, use of prednisone controlling for one another, and adjusted for years of observation in the CPRD.
‡BMI tertile values for adults aged 20-59 years are: T1 (<24Á63), T2 (>=24Á63 to 28Á88) and T3 (>28Á88); the corresponding values for adults aged 60 + + years are T1 (<25Á57), T2 (>=25Á57 to 28Á74) and T3 (>=28Á74).
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ª 2018 John Wiley & Sons Ltd analyses excluding HIV/AIDS positive participants. The persistence of the associations after HIV-positive subjects were excluded suggests that the associations are for sBL, and that EBV infection, which is detected in up to 22% of sBL tumours using fluorescent in-situ hybridization studies (Mbulaiteye et al, 2014b) , may influence the risk for a small proportion of sBL in the UK. Our results encourage the design hypothesis-driven studies in large cohorts, such as the UK Millennium Cohort (Gares et al, 2017) , to confirm or refute the hypothesized role of EBV infection in sBL.
Our results for malaria should be cautiously interpreted because they are partially based on Read codes suggesting people received prophylaxis to protect against malaria infection during international travel, and not actual infection. Because the postulated malaria exposure occurred 2-10 years before BL diagnosis, the results cannot be explained by reverse causality. The results suggest that short-term exposure to malaria parasites, even when moderated by medical suppression of infection by prophylaxis, may influence the development of eBL 2-10 years later. A role of short-term exposure to malaria contrasts with the conventional thinking that BL risk is only related to chronic recurrent malaria occurring over years (Aka et al, 2013) , and warrants urgent confirmation because hundreds of thousands of people from the UK travel to malaria-endemic countries every year (Tatem et al, 2017) . It is estimated that about 1600 to 2500 of these travellers suffer incidental clinical malaria and 9-15 suffer malaria-related deaths. If our results are confirmed, travellers from malaria-free countries to malaria endemic countries, who already are monitored for imported malaria (Warne et al, 2014; Schlagenhauf et al, 2015; Tatem et al, 2017) , could also be monitored for BL. We note that the number of incidental malaria cases diagnosed between 1973 and 2014 among US citizens traveling to malaria-endemic countries increased 10-fold (Mace & Arguin, 2017) . During the same period, the age-standardized incidence rates of BL increased 6-7% per year . Based on our results, we speculate that the steep increases in the agestandardized incidence rates of BL that have been reported in developed countries (Mbulaiteye et al, , 2012 could be related to exposure to malaria during international travel.
Our finding of a positive association between prior prescription or use of prednisone and risk of BL in participants aged 60+ years old may be due to chance. It could also be explained by the immunosuppressive effects of corticosteroids (Coutinho & Chapman, 2011) , or the association with underlying medical conditions for which the prednisone was prescribed. However, this explanation is not supported by the null association between BL and allergic conditions or asthma, some of the conditions for which prednisone may be prescribed. If the association with prednisone is confirmed, it would support careful monitoring of persons aged 60 + years old being treated with prednisone for complication with BL.
Our findings of strong, independent inverse associations between smoking and the risk for BL were unexpected.
Although no association between smoking and BL risk was observed in the InterLymph pooled study of BL (Mbulaiteye et al, 2014a) , which included 295 cases from multiple countries and had data available for some dose-response-type analyses, the associations in the current study were robust in several analyses and were not explained by misclassification of smoking status. The discrepancies between the present and the InterLymph studies may be explained by differences in how smoking was ascertained. Neither study had adequate statistical power to examine more detailed smoking histories to assess dose-response, especially in age-stratified analyses. We considered that biased selection of controls might have contributed to the present study findings; however, the distribution of smoking in our controls is similar to that observed in a much larger cohort of 45 000 apparently healthy participants in CPRD (Kuo et al, 2016) . We note that inverse associations have been reported between smoking and risk of Kaposi sarcoma (KS) (Goedert et al, 2002; Anderson et al, 2008) (Nawar et al, 2005) , which is caused by human herpesvirus 8 (Chang et al, 1994) . The smoking-KS findings remain unexplained, and their relevance to our BL results is unclear; nonetheless, if confirmed, the BL and KS data collectively suggest that chemicals in cigarette smoke or other factors correlated with cigarette smoking may be associated with protection against these two malignancies that are associated with two gamma-herpesviruses.
An investigation of risk factors for BL in the UK is difficult because it is rare. Thus, our results from CPRD should be considered exploratory and useful for generating hypotheses that may be evaluated in pooled studies. The strengths of our study include access to a large, representative longitudinal database and utilizing a prospective design. The limitations include incomplete data, such as race, which limits our ability to make inferences about the proportion of BL in different races, and whether BL cases were more likely to occur in immigrants from endemic malaria areas. Although this is theoretically possible, we believe this is unlikely because there are no published reports suggesting that immigrants to the UK from malaria endemic countries have a higher incidence of BL than native born UK citizens. Furthermore, the average period of observation in CPRD in both cases and controls was high, which suggests that the cases and controls were more likely settled UK citizens. The small sample size resulted in imprecise estimates and limited our statistical power to observe weak or modest associations, especially for stratified analyses. We note that the presentation of both marginal and age-stratified results presents a dilemma, also called Simpson's paradox (Hernan et al, 2011) , when the results for some variables, such as malaria or prednisone, do not agree and force the question about which estimates to believe when interpreting the data. We resolved this paradox by relying on the causal context of our investigation, which considered age as a confounder (Mbulaiteye et al, , 2012 . Plausibly, age is an important modifier of the likelihood of international travel and, therefore, the risk of being exposed to malaria (Warne et al, 2014; Schlagenhauf et al, 2015; Tatem et al, 2017) . Similar reasons apply to the likelihood of being given prednisone as a treatment. Based on these considerations, the marginal ORs of association for malaria and prednisone are confounded, whereas the ORs conditional on age reflect the contextually relevant effects, as discussed above. Our study relied on data collected during routine medical encounters, which are vulnerable to biases resulting from incompleteness or inaccuracy of information, and to temporal trend biases. No risk factors were identified for BL in children and adolescents, perhaps because the collected data were not appropriate for our age-specific analyses. The novel findings for malaria exposure and CPRD-recorded EBV infection warrant further study using better methods, such as detailed questionnaires, serology or record linkage. Finally, despite the matched design, the cases and controls had somewhat different average years of observation in the CPRD, which could introduce biases; the fact that the findings did not change with adjustment for years of observation was reassuring.
Conclusion
Our exploratory study of BL aetiology in the UK using the CPRD population identified risk factors that were unexpected, either due to their more conventional association with eBL or immunosuppression-related BL (e.g., HIV/AIDS, EBV infection, apparent exposure to malaria in persons aged 20-59 years) or to the uncertain mechanism that would explain an inverse (cigarette smoking in adults of any age) or positive (prednisone use in persons aged 60 years or older) association. If confirmed, the infection-related findings suggest that patients with poorly controlled EBV infection, a history of infectious mononucleosis, and/or a history of exposure to malaria have an elevated risk of BL, although the absolute risk is probably low.
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